Using latent semantic analysis on the full text of scientific articles, we measure the distance between 36 million citing/cited article pairs and chart changes in citation proximity over time. The analysis shows that the mean distance between citing and cited articles has steadily increased since 1990. This demonstrates that current scholars are more likely to cite distantly related research than their peers of 20 years ago who tended to cite more proximate work. These changes coincide with the introduction of new information technologies like the Internet, and the increasing popularity of interdisciplinary and multidisciplinary research. The "citation distance" measure shows promise in improving our understanding of the evolution of knowledge. It also offers a method to add nuance to scholarly impact measures by assessing the extent to which an article influences proximate or distant future work.
INTRODUCTION
The introduction of powerful information technologies like the Internet has transformed the accessibility of scientific information. Articles that once reached scholars via trips to libraries and subscriptions to academic journals are now available online in large searchable databases. Digitalization and search engines have the power to change the way scientists search for and combine information, yet thus far we have little insight into how research strategies have changed in recent decades.
By measuring the "knowledge distance" between citing and cited articles, we explore how research strategies have changed as information technologies have altered the way scholars perform their work. We measure the distance traversed by over 36 million citations and show that the mean distance between citing and cited articles has steadily increased since 1990.
INTERNET & RESEARCH
Improvements in information technology have had countervailing effects for the production of scholarly research. On the one hand, increased ease of writing, and publication venues have led to increased scholarly output [6] . This leads to a "burden of knowledge" leaving scholars less able to master broad expanses of knowledge and more prone to specialization [7] . On the other hand, improved search technologies and increasingly expansive databases of scholarly research have improved our ability to seek out and find diverse pieces of knowledge [16] , while also perhaps reducing our probability of serendipitously encountering useful information [11] . Improved search capabilities potentially mitigate the challenges created by the burden of knowledge. By enabling researchers to more easily navigate the vast amount of knowledge created, improvements in information technology help scholars filter through the information available to them.
Despite these countervailing effects, we know relatively little about how the introduction of new technologies have influenced researchers' search and citation strategies. There is some evidence to suggest that in recent years research has become more interdisciplinary in nature [12] , and that this interdisciplinarity is rewarded with somewhat higher impact [1, 18] . However, this body of research relies extensively on metadata to infer the content of cited articles. As such, it is an example of "metaknowledge" research, capitalizing on the growing amount of metadata about science available to researchers [3] . Metaknowledge research is by definition somewhat abstract. It relies on assumptions about article content by categorizing articles based on the journal of publication, or by clustering them based on citation patterns.
As data availability improves, the abstractions inherent in metaknowledge research become less essential. Just as the increased availability of computation and scientific metadata ushered in a boom in metaknowledge research, further improvements in computational power along with the increasing availability of large corpuses of textual material suggest that the next stage of "science of science" research will be able to peel back some of the layers of abstraction inherent in metaknowledge studies by focusing more closely on the actual content in publications. Here, we contribute to this data-driven science of science research by using the full text of scientific articles as we assess the evolution of scientific knowledge search and citation styles.
Broadly speaking, there are two types of search strategies, each with its own implications for the resulting research product. The predominant search strategy is "local" or exploitative in nature, as it seeks to exploit expertise related to one's research area [13, 14] . The remainder is explorative, seeking out knowledge that is distant from one's area of expertise [10] . Exploitative search focuses on improving existing technologies and refining existing ideas, whereas explorative search seeks to generate new groundbreaking technologies and ideas.
While theory & empirical studies suggest that most research tends to be exploitative in nature-improving and refining existing technologies and ideas-we know very little about if and how improvements in information technology like the Internet have altered these tendencies. Empirically testing whether or not research tendencies have responded to changes in information technology capabilities, and how scholars' search strategies have responded to the burden of knowledge has important implications for science & technologies studies, and research policy. Thus, our research question is:
RQ:
Have scholars' research strategies changed along with changes in information technology capabilities and access rates?
In order to answer our research question, we use citation records to measure changes in research strategies over time. The citations between research articles provide a record of the knowledge that scholars have drawn upon [5] . We can use these trace records of scholarly research to provide insight into the effects that changes in information technologies and research norms have had on search strategies in recent decades. The challenge lies in measuring the meaning inherent in citations. Most citation research treats citations as binary relationship, providing little insight into the search strategies underlying a research project.
To improve on comparatively coarse binary citation measures, we measure the "distance" between citing and cited articles, providing insight into how far from their own field scholars searched for inspiration. This "knowledge distance" is an important element in understanding the nature of the idea recombination that underlies scholarly output. It relies on the assumption that some ideas are more closely related to one another (e.g. two articles exploring the historical economic development of Southeast Asia) while other articles are more distantly related to one another (e.g. an article on Southeast Asian economic development, and an article on dolphin social networks). These varied relationships provide clues as to which search strategies the authors engaged in. If their citations are to predominantly closely-related articles, we can infer their search strategy was predominantly exploitative. On the other hand, if their work features many distant citations, we can presume their search strategy was more exploratory in nature.
DATA & METHODS
In order to examine how scientific search and citation strategies have changed over time, we first construct a corpus of Elsevier's publications and identify the journal articles indexed by the Thomson Reuters Web of Science. The full text of 5,172,578 articles is extracted from the Science Direct database and the citation relationships among them are extracted based on the Web of Science. 1 In order to measure citation distance, we use latent semantic analysis (LSA) [2] to reduce term-document relations in the corpus into a 400-dimension latent space. Each article is represented as an LSA vector in the space and the distance between articles is measured by calculating the cosine distance between their vectors [9] . We compute citation distance for all 36,864,014 citation relations in our dataset.
We assign each article an OECD topic categorization [19] corresponding the Revised Field of Science and Technology (FOS) Classification of the Frascati Manual 2002, determine the year of publication, and chart the mean citation distance over time. Figure 1 shows the distribution of the citation distances between randomly selected articles. This distribution, skewed towards high distances, is not surprising since two randomly selected articles are likely to have little in common.
RESULTS
articles with their Web of Science entries and extract the citations from the Web of Science. Examining the distance relationships between actual citing/cited pairs of articles in the dataset shows a wide range of citation tendencies and paints a starkly different picture. These distributions show a strong tendency for researchers to cite proximate literature, with highly distant citations making up a very small proportion of total citations. While these measures combine all fields into a single view, similar analyses could be used in the future to assess how "insular" any given field, or organization is.
Plotting the mean citation distances over time shows a steady increase beginning in the early 1990s and continuing through to recent years. Over this time the mean citation distance rose from 0.32 to approximately 0.37 (see Figure 3) , as researchers began to make citations to increasingly distant articles. Categorizing the distances by their OECD research categorization shows substantial variation between disciplines (see Figure 4) . Research in the humanities and social sciences began the period with substantially lower levels of average citation distances than their hard science peers. Over the next four decades, much of this distinction vanishes as the citation norms in the social sciences and humanities have grown to become more similar to those of their peers. By 2012-the latest publication date for articles in our dataset-the various disciplines appear to be converging towards a common mean citation distance.
DISCUSSION
These results suggest that knowledge search and citation strategies have changed in recent decades, as information technologies have altered search capabilities. We do not have sufficient evidence to make causal claims, but we do note that the current trend towards increasing citation distance coincides with the introduction of open access to the Internet, and the development of the World Wide Web. Scholars working in recent years are more likely to cite to work that is dissimilar to their own than their peers would have been 20 years ago. Access to these information technologies may explain much of the increase in citation distance we have observed. Researchers are now able to easily search vast databases of scientific publications, making them more likely to encounter works in distant disciplines.
This general trend towards increased citation distance has also coincided with a rise in multidisciplinary and interdisciplinary research [8, 12] . As scholars draw on research from other disciplines, their citations are more likely to reflect this by referencing highly distant articles. Both the rise in Internet access rates and rising interdisciplinarity may be related to the increase in citation distance that we observe. Indeed, these two phenomena may be related to one another as the Internet collapses boundaries between disciplines. While scholars once relied extensively on their own discipline's journals and conferences, the Internet has now enabled them to much more easily access the work of scholars in different fields.
Our analysis suggests that changes to research norms have not been uniform across scientific disciplines. Figure 4 shows that the "softer" sciences have experienced a stronger trend toward making distant citations, while other areas have experienced only a modest increase. This is perhaps due to the nature of each research area. In some disciplines, the barrier to integrating distant research is much lower. For instance, in the social sciences or humanities, which are not strictly bound by physical laws governing their topics of study, it is perhaps easier to seek out and draw on distant knowledge. On the other hand, the "harder" sciences may have a somewhat higher barrier to integrating distant knowledge as the subjects of their research are more strictly bounded. Put another way, there are many humanistic and social scientific works that draw on scientific theories (e.g. the theories of relativity or the theory of evolution) but many fewer hard science works that draw on humanistic and social scientific theories.
Our analysis shows a general increase in explorative type citations, suggesting that researchers now reach further into our collective "knowledge space" in search of inspiration than they once did. This is potentially a good news story, as explorative type research is often considered difficult to adequately incentivize [10] . This explorative type research has a greater tendency of leading to important scientific developments and high impact research [1, 4, 15, 18] .
The Citation Distance Measure
In addition to the substantive results we report here, this work demonstrates the potential for improved citation analysis. As more and more scholarly communication moves online, and as researchers have increased access to full text databases, opportunities to apply natural language processing techniques to analyze scholarly communication increase. We show here that analyzing citation distance can provide significant information that is omitted from traditional binary citation analyses. This same method can be applied to forward citations, measuring not how researchers draw on the existing knowledge space, but rather the nature of the impact their work goes on to have. Some research is influential only within its own field, other works have broad relevance to many types of researchers. Previous impact measures largely ignore this facet of research impact. Applying our method of citation distance measurement, could help ameliorate this issue and improve impact measurement by assessing how broad it is.
Similar techniques could also be used to better understand the evolution of scientific disciplines over time. Measuring disciplinary tendencies to draw on distant knowledge will help us understand how disciplines form and change over time by examining how researchers integrate proximate and distant knowledge in their work. Analyzing these tendencies in conjunction with scientific impact offers the potential to further our understanding of how knowledge integration patterns relate to scientific success.
Our observed increase in citation distance also corresponds with an increase in the importance of scientific teamwork [17] . Our future work will combine citation distance metrics with team analysis to help further our understanding of how team size and composition relate to both patterns of knowledge integration, and scientific success.
CONCLUSION
We have shown that, in recent years, scholars have increased their tendency to cite distantly related articles. Since the 1990s, mean citation distance has steadily increased. This occurred as information technologies have eased access to diverse information sources, and as interdisciplinary and multidisciplinary teamwork has also steadily increased. This increase is common across scientific fields, but is most pronounced in the social sciences and humanities. Our method of measuring citation distance shows promise in furthering our understanding of how scientific research occurs and evolves, and in nuancing the way we measure scientific impact.
